Abstract. In recent years, study concerning activity inhibitors of prostate-specific membrane antigen (PSMA) has been concentrated on the glutamic urea (Glu-urea-R) small molecule and its analogs. The present study aimed to synthesize 4 analogs of Glu-urea-R and identify the affinities of these compounds to PSMA. The compounds were synthesized from raw materials, and the experimental procedures of the present study were in accordance with standard techniques under anhydrous and anaerobic conditions. Glu-urea-Lysine (Glu-urea-Lys), Glu-urea-Ornithine (Glu-urea-Orn), Glu-urea-Glutamine (Glu-urea-Gln) and Glu-urea-Asparagine (Glu-urea-Asn) were successfully synthesized, and their structures were confirmed to be as desired using nuclear magnetic resonance spectroscopy and mass spectrometry. An affinity assay was performed to detect the affinity between the various compounds and PSMA expressed from the prostate cancer LNCap cell line. Glu-urea-Gln had the highest affinity to PSMA, followed by Glu-urea-Asn, Glu-urea-Orn and Glu-urea-Lys. In conclusion, the present study demonstrated that Glu-urea-R specifically binds PSMA expressed in the LNCap cell line and inhibits its activity.
Introduction
Prostate cancer (Pca) is the most common malignant tumor in the male genitourinary system, and according to global cancer epidemic statistics, Pca has become the second most common cancer in men, being second only to lung cancer (1) . However, there is lack of effective imaging methods for early diagnosis, localized diagnosis of metastases, choice of postoperative treatment and prevention of postoperative recurrence.
Prostate-specific membrane antigen (PSMA) is a newly discovered Pca-associated antigen. It has no or low expression in normal prostate tissues, whereas it is significantly increased in benign prostatic hyperplasia and Pca tissues, particularly in certain Pca cell lines, including the Pca LNCap cell line (2) . Therefore, PSMA may become a molecular target for specific diagnosis of Pca. PSMA is a type 2 integrated protein present in the prostate epithelial cell membrane (3) , and contains 750 amino acids and has a molecular weight of 100 kDa. PSMA has 3 known enzymes with different biological effects (4), as follows: Folyl polyglutamyl-γ-glutamate carboxypeptidase, also known as folate hydrolase; N-acetylated-a-linked acidic dipeptidase (NAALADase); and dipeptidyl peptidase IV.
Cyt-356 is the earliest monoclonal antibody to PSMA, which was developed by Cytogen Corp. (Princeton, NJ, USA), and has been used clinically (5) . Cyt-356 binds to PSMA on the cell surface, and may be used for diagnosis and imaging examination of Pca. Heston (6) previously cloned the cDNA of PSMA and produced a series of other antibodies against the outer region of the protein, and Bander et al (7, 8) used these antibodies in preclinical and clinical diagnosis and treatment of Pca. In previous years, the implementation of specific small molecules in combination with tumor markers to mediate tumor imaging and surgical positioning has become a novel clinical diagnosis and treatment method for tumors (9) . Labeling tumor markers with small molecules has an advantage of rapid serum clearance and good tumor tissue permeability (10) . However, small molecular markers have certain limitations in affinity as tumor markers.
In recent years, study on activity inhibitors of PSMA enzymes is concentrated on the glutamic urea small molecule (Glu-urea-R) and its analogs. Glu-urea-R (Fig. 1 ) is a PSMA (folate hydrolase I) enzyme inhibitor that efficiently and specifically binds to the PSMA on the Pca cell surface, in which Glu-urea is the binding terminal to PSMA and the R-group is the coupling terminal to other chemical groups (8) .
Compared with PSMA monoclonal antibodies, Glu-urea-R has the following advantages: Stable biological activity; short half-life in vivo; good permeability to tumor parenchyma and tumor metastases; and low side-effects in vivo (7, 8 (12) designed and synthesized a number of Glu-urea-R molecules that may easily be labeled with radionuclide 123 iodine and 131 iodine. Those authors hypothesized that the chemical properties of the R-group and its coupling substrates may significantly impact the affinity of the Glu-urea-R to PSMA. Zhang et al (10) coupled Glu-urea-R and 2,4-dinitrophenol (DNP) to achieve targeted identification of Pca and intended to obtain targeting immunotherapy of Pca by DNP recruiting immune response-associated antibodies (10) . These previous studies suggest that Glu-urea-R has a high value in positron emission tomography/computed tomography (PET/CT) diagnosis of Pca. However, there remains a lack of research on positron isotope labeling of Glu-urea-R as a PET/CT probe for Pca.
A previous study has revealed the properties of the R-group in Glu-urea-R, and have demonstrated that the molecular properties of its coupling groups may affect the affinity of a Glu-urea-R molecular probe to PSMA (10) . PET/CT molecular imaging probes require radionuclide labeling and 18 fluroine ( 18 F) possesses a relatively long half-life (t 1/2 = 110 min), allowing for an effective and sufficient drug labeling and imaging time. When performing a prosthetic group label of Glu-urea-R using 18 F, full consideration to the labeling efficiency and radiochemical purity of the purified products must be provided. In addition, consideration must be given to the affinity of the labeled products to PSMA, the toxicity of 18 F-Glu-urea-R to normal cells and the impact of pH on the affinity of the probe and PSMA. Successful development of a 18 F-Glu-urea-R PET/CT probe may provide a novel diagnostic method for Pca. The present study aimed to develop 4 Glu-urea-R small molecular precursor compounds, which is the first step for preparation of a 18 F-Glu-urea-R PET/CT molecular probe.
Materials and methods
Synthesis of Glu-Urea-R Background. The reaction was monitored using liquid chromatography-MS (LC-MS) and the synthesized structures of Glu-Urea-R are shown in Fig. 2 .
Synthesis of Glu-urea-Ornithine (Glu-urea-Orn). In total, 45 g H-Glu(OBut)-OBut HCl (Beijing Bomaijie Technology Co., Ltd., Beijing, China) and 2,800 ml tert-butyl acetate (Beijing Bomaijie Technology Co., Ltd.,) were added to 31.3 g HClO 4 (Shanghai Huayi Group Huayuan Chemical Co., Ltd., Shanghai, China) while stirring for 16 h. NaOH solution (5M; pH, 7-8) was added and extracted using ethyl acetate (Shanghai Seebio Biotech, Inc., Shanghai, China). Organic facies were dried using sodium sulfate for 30 min. Subsequently, the organic phase was decompressed and distilled to dryness at 35˚C to obtain the intermediate. A total of 32 g H-Orn-OBut HCl and 36 g triethylamine (Shanghai Seebio Biotech, Inc.) were dissolved in 570 ml dichloromethane (DCM; Shanghai Seebio Biotech, Inc.) under anaerobic conditions (-78˚C). Subsequently, 57 ml DCM solution containing 11 g triphosgene (Shanghai Seebio Biotech, Inc.) was added to the reaction liquid for 30 min at 20˚C. The intermediate (21 g) and 6.6 g triethylamine were added and stirred for 18 h at 20˚C. In total, 100 ml DCM was added to the reaction liquid and the organic phase was rinsed with water. The isolated organic phase was dried with sodium sulfate for 30 min. Subsequently, the organic phase was decompressed and distilled to dryness at 35˚C, and the residue underwent column chromatography (DCM:CH 3 OH in a ratio of 50:1) to obtain the crude products. The obtained crude products underwent catalytic hydrogenation for 16 h by dissolving the crude products in 600 ml carbinol (Shanghai Seebio Biotech, Inc.) with 10% wetted palladium (9.7 g; Shanghai Seebio Biotech, Inc.). The organic phase was decompressed and distilled to dryness at 35˚C and the residue underwent column chromatography (DCM:CH 3 OH at a ratio of 50:1) to obtain products (oily).
Synthetic route of Glu-urea-Asparagine (Glu-urea-Asn). In total, 26 g H-Glu(OBut)-OBut HCl and 29 g triethylamine were dissolved in 500 ml DCM under the conditions of nitrogen protection (-78˚C). Subsequently, 50 ml DCM solution containing 8.9 g triphosgene was added to the reaction liquid for 30 min at 20˚C. A total of 10 g H-Asn-OBut HCl (Sundia MediTech Co., Ltd., Shanghai, China) and 5 g triethylamine were added and stirred for 18 h at 20˚C. DCM (100 ml) was added to the reaction liquid and the organic phase was rinsed with water. The isolated organic phase was dried with sodium sulfate for 30 min. Subsequently, the organic phase was decompressed and distilled to dryness at 35˚C and the residue underwent column chromatography (DCM:CH 3 OH at a ratio of 50:1) to obtain crude products, which were beaten using n-heptane (Shanghai Seebio Biotech, Inc.) to obtain the solid substance. The solid was dissolved in 60 ml methanol and slowly added dropwise to 120 ml water, during which the solid was separated out. The mixture was stirred for 1 h and filtrated, and the filtrate was rinsed and underwent vacuum drying using an oil pump at 40˚C for 6 h to obtain the product.
Synthetic route of Glu-urea-Glutamine (Glu-urea-Gln). In total, 21 g H-Glu(OBut)-OBut HCl and 23 g triethylamine were dissolved in 500 ml DCM under the conditions of nitrogen protection (-78˚C). Subsequently, 50 ml DCM solution containing 7.1 g triphosgene was added to the reaction liquid at 20˚C for 30 min. H-Gln-OBut HCl (Sundia MediTech Co., Ltd.) (10 g) and 4.3 g triethylamine were added and stirred for 18 h at 20˚C. Subsequently, 100 ml DCM was added to the reaction liquid and the organic phase was rinsed with water. The isolated organic phase was dried with sodium sulfate for 30 min, and decompressed and distilled to dryness at 35˚C. The residue underwent column chromatography (DCM:CH 3 OH at a ratio of 50:1) to obtain the crude products, which were beaten using n-heptane to obtain the solid substance. The solid was dissolved in 15 ml methanol and slowly added dropwise to 75 ml water, during which the solids were separated out. Subsequently, the mixture was stirred for 1 h and filtrated, and the filtrate was rinsed and underwent vacuum drying (oil pump) at 40˚C for 6 h to obtain the product.
Synthetic route of Glu-urea-Lysine (Glu-urea-Lys). In total, 26 g H-Glu(OBut)-OBut HCl and 30 g triethylamine were dissolved in 500 ml DCM under the conditions of nitrogen protection (-78˚C). Subsequently, 50 ml DCM solution containing 9 g triphosgene was added to the reaction liquid at 20˚C for 30 min. H-Lys(Z)-OBut HCl (Sundia MediTech Co., Ltd.) (20 g) and 5.5 g triethylamine were added and stirred for 18 h at 20˚C. In total, 100 ml DCM was added to the reaction liquid and the organic phase was rinsed with water. The isolated organic phase was dried with sodium sulfate for 30 min and decompressed and distilled to dryness at 35˚C. The residue underwent column chromatography to obtain the crude products (42 g). The obtained crude products were dissolved in 680 ml methanol and 10 g 10% wetted palladium-carbon (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was added. The crude products were hydrogenated with H 2 and stirred for 16 h at 18˚C. The organic phase was decompressed and distilled to dryness at 35˚C, and the residue underwent column chromatography (DCM:CH 3 OH at a ratio of 50:1) to obtain products (oily). The products underwent vacuum drying (oil pump) at 40˚C for 6 h and were subsequently placed at -18˚C for 16 h to obtain the solid product.
Hydrolysis of Glu-Urea-R molecule. Glu-urea-Orn, Glu-urea-Asn, Glu-urea-Gln, and Glu-urea-Lys were separately added to 10 ml trifluoroacetic acid (Shanghai Seebio Biotech, Inc.), stirred at 20-30˚C for 2 h, and the reaction liquids were decompressed to dryness to obtain S36886, S36887, S36888 and S36889, respectively.
Affinity experiment of Glu-urea-R small molecule. NAALADase, also known as glutamate carboxypeptidase II, is a metallopeptidase dependent on zinc oxidation that hydrolyzes N-acetyl-aspartyl-glutamate (NAAG), resulting in N-acetyl aspartate and glutamate products. PSMA partially hydrolyzes folic acid glutamate to generate glutamate, which is similar to NAAG hydrolysation. PSMA is expressed by LNCap cells (2) . Human prostate cancer LNCaP cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained in RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) in a humidified incubator at 37˚C with 5% CO 2 . Membrane and cytosolic fractions were obtained from cultured LNCaP cells.
Inhibition constants were deter mined using a fluorescence-based assay. Briefly, 25 µl lysates of LNCaP cell extracts were incubated with 12.5 µl inhibitor (S36886, S36887, S36888 and S36889) in the presence of 12.5 µl NAAG (4 µM; #A5930; Sigma-Aldrich, St. Louis, MO, USA) for 120 min at 37˚C. NAAG hydrolysis, which is catalyzed by NAALADase, results in the release of N-acetyl-aspartate and glutamate. The amount of released glutamate was determined by incubating the cells with 50 µl working solution from the Amplex Red Glutamic Acid kit (Invitrogen™; Thermo Fisher Scientific, Inc.) for 60 min. Fluorescence was measured using an EnSpire Multimode plate reader (PerkinElmer, Waltham, MA, USA) with excitation and emission wavelengths at 490 and 640 nm, respectively. The inhibitor concentration was derived using 2-phosphonomethyl pentanedioic acid (2-PMPA; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), which is a known PSMA inhibitor, as a positive control group and Glu-urea-R was formulated to a suitable concentration by exploring different concentrations of 2-PMPA capable of inhibiting PSMA. Inhibition curves were determined using semi-log plots and half maximal inhibitory concentration (IC 50 ) values were calculated.
Statistical analysis. Enzyme inhibitory constants (Ki values)
were generated using the Cheng-Prusoff conversion. Data analysis was performed using GraphPad Prism version 4.0 for Windows (GraphPad Software, La Jolla, CA, USA). All experiments were repeated at least three times and the results are expressed as the mean ± standard deviation. SPSS version 17.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis of the synthesis, hydrolysis and affinity experiments of Glu-urea-R. 
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Synthetic analogs of Glu-Urea-R
Overall. Purities and structural identification of the 4 synthesized compounds were performed using proton nuclear NMR 
Glu-Urea-R treatment
Overall. Prior to the affinity experiment, tert-butyl in Glu-urea-R was hydrolyzed to expose the active carboxyl group, so that the compound would bind to PSMA. Figure 3 . Inhibition curves of 4 synthesized Glu-urea-R analogs against prostate-specific membrane antigen. Glu-urea, glutamic urea small molecule; Orn, Asn, asparagine; Gln, glutamine; Lys, lysine; 2-PMPA, 2-phosphonomethyl pentanedioic acid. Table I . Inhibition rate of 4 synthetic analogs of Glu-urea-R to prostate-specific membrane antigen.
Hydrolytic products of Glu-Urea-Orn (S36886
Glu-Urea-Lys Glu-Urea-Orn Glu-Urea-Asn Glu-Urea-Gln Glu-urea, glutamic urea small molecule; Orn, Asn, asparagine; Gln, glutamine; Lys, lysine; 2-PMPA, 2-phosphonomethyl pentanedioic acid. 781 (m, 2H), δ1.683-1.573 (m, 3H), δ1.434-1.363  (m, 2H) . ESMS (m/z): 304 (M -H).
Affinity assays of Glu-Urea-R. Glu-urea-R of various concentrations were added to the lysates of LNCaP cells, and fluorescence assays were performed. The 2-PMPA group was considered to be the complete inhibition group (positive control) and Tris was used as the negative control. Therefore, the absorbance was obtained by subtracting the absorbance of each compound from the absorbance of the Tris group. The inhibition rate was calculated as follows: Inhibition rate = 1 -[(Avg X) x (Tris)] / [(Avg PSMA) (Avg Tris)], where X denotes a generic compound. The inhibition rate of each group are shown in Table I . The inhibition curves and IC 50 value of the 4 compounds obtained are revealed in Fig. 3 and Table II , respectively. The compound with the highest affinity to PSMA was Glu-urea-Gln, followed by Glu-urea-Asn, Glu-urea-Orn and Glu-urea-Lys.
Discussion
Individualized diagnosis is the main objective for early Pca diagnosis, and it aims to achieve detection of Pca in advanced stages, prevent local development and metastasis of Pca, reduce Pca mortality and improve the quality of life of patients. A study that took place in Tyrol in Austria revealed that early screening and diagnosis may reduce the Pca mortality rate by 33% (13) . Another study in Canada demonstrated that a lower mortality rate may be achieved in individuals that actively cooperate with Pca examination (14) . A study by the European Randomized Study of Screening for Prostate Cancer and the Prostate, Lung, Colorectal, and Ovarian cancer screening trial found that performing the prostate-specific antigen (PSA) test for Pca once every 4 year reduces the mortality of Pca by 20% (15) . However, there are risks of overdiagnosis using this method (15) , and consequently, it is inappropriate to perform large-scale screenings of Pca, but it remains necessary to educate individuals about early examination. Although conventional imaging methods have achieved considerable progress in sensitivity and accuracy, there is a lack of effective imaging measures for early diagnosis, localized diagnosis of metastases, choice of postoperative treatment and prevention of postoperative recurrence, and it is challenging to obtain a clear diagnosis of early Pca (16, 17) .
A digital rectal examination combined with a PSA assay is widely recognized as the best screening method for early Pca (18) . With the development of novel technologies, novel diagnostic methods have gradually been identified. PCA3 is a novel biological marker that is detected in the urine sediment, and it is one of the most specific markers of Pca (19) . Another diagnostic method is gene detection; genome-wide association studies revealed that at present >30 susceptible loci are associated with Pca in various populations around the world (19) . Furthermore, it was demonstrated that an increase in hypermorph susceptibility genes of Pca leads to an increased risk for Pca, which meant that Pca susceptibility genes have a clear cumulative effect (20) .
PET/CT is a diagnostic imaging technique that combines cellular molecular metabolism with morphology (21) . Radionuclide-labeled tracer or molecular probes targeting tumor cells effectively identify tumor lesions that are challenging to detect with traditional imaging methods, and PET/CT has become a powerful tool for the clinical diagnosis of tumors (22) . At present, 11 C-choline and other cell metabolic substrates are used as PET/CT tracers, which have achieved a certain efficacy in the diagnosis of Pca (23, 24) . However, these tracers lack specificity to Pca, and it is challenging to distinguish between primary and metastatic Pca, which is prone to false-positive results of benign prostatic hyperplasia and prostatitis lesions (23, 24) . Therefore, it is essential to identify an efficient and specific molecular probe to improve the sensitivity and accuracy of PET/CT in the diagnosis of Pca, which may be capable of effectively providing early diagnosis, preoperative staging, postoperative recurrence and restaging and postoperative efficacy evaluation and detection.
PSMA as a target protein has become a major study topic in recent years. Glu-urea-R inhibits the activity of PMSA, and effectively and specifically binds to PSMA on the Pca cell surface. Compared with the PSMA monoclonal antibody, Glu-urea-R is characterized by stable biological activity, short in vivo half-life, good permeability to tumor parenchyma and tumor metastases and low side-effects in vivo (8) . At present, studies have demonstrated that Glu-urea-R PET/CT molecular probes may provide novel means for the diagnosis of Pca (12) .
The present study investigated the preparation of Glu-urea-R analogs that target PSMA. Raw materials were employed to obtain the desired compounds under anhydrous conditions, nitrogen protection and a controlled reaction temperature. NMR spectroscopy and LC-MS confirmed that the obtained products had the desired structures, and their purities were identified to be >97% using HPLC. Previous studies have confirmed that Glu-urea-R, which contains a free carboxyl group III in its R-group, can bind with high affinity to the active site of PSMA (11) . Therefore, Glu-urea-R analogs are capable of binding to PSMA. Glu-urea is the part of the molecule that binds to PSMA, and the R-group is easily connected to other chemical groups. Affinity experiments of the 4 compounds synthesized by the present study, Glu-urea-Gln ,Glu-urea-Lys, Glu-urea-Asn and Glu-urea-Orn, to PSMA were performed to preliminarily determine their binding activity with Pca cells and compare their affinities, so as to provide data for future experiments.
Overall, the present study revealed that these analogs, particularly Glu-urea-Asn, provided an enriched choice for positron isotope labeling, since they had a high affinity to PSMA. Positron isotopes are used to label Glu-urea-R to investigate Pca using PET/CT, and these compounds have high specificity and sensitivity and low toxicity, therefore providing novel strategies for early diagnosis, preoperative staging, postoperative recurrence and restaging, targeted therapy of Pca as well as patient selection for targeted therapy, efficacy evaluation and monitoring. In conclusion, the present study demonstrated that Glu-urea-R specifically binds to PSMA expressed in prostate cell line LNCap and inhibits its activity, which is important for the provision of novel diagnostic methods for Pca.
